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. $\sigma=\mathrm{F}_{ex}$ , $\sigma=(\begin{array}{ll}\sigma_{XX} \sigma_{XZ}\sigma_{ZX} \sigma_{ZZ}\end{array})$ (1)
. $\sigma$ , shear band
. $\sigma_{XZ}=\sigma_{ZX}$ . $\mathrm{F}_{ex}$ $\rho g\hat{z}$ . $\rho,$ $g,\hat{Z}$
, , .
(1) 3 2 .
.













1: force chain . (a) (b) .
[6, 7, 8]. 1
, 2









. $\mathrm{r}$ $P(f, \mathrm{n}, \mathrm{r})$
:
$P(f, \mathrm{n}, \mathrm{r}+\mathrm{n}d\mathrm{r})=(1-\frac{dr}{\lambda})P(f, \mathrm{n}, \mathrm{r})+2\frac{dr}{\lambda}\int d\mathrm{n}’\int df’P(f’,\mathrm{n}’,\mathrm{r})\Psi(\mathrm{n}’, \mathrm{n})\delta(f-\frac{f’}{2\cos\theta})(3)$
$\lambda$ , $\Psi(\mathrm{n}’, \mathrm{n})$ $\mathrm{n}’$ $\mathrm{n}$ , $\theta$ .
$F( \mathrm{n}, \mathrm{r})=\int dffP(f, \mathrm{n}, \mathrm{r})$
$\sigma_{a}\rho(\mathrm{r})=aD\int d\Omega nan\beta F(\mathrm{n},\mathrm{r})$ (4)
($D$ , $a$ , $\int d\Omega$ )
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$i$ . ($i+1$ )
($i$ ) . $i+1$
$1/\tau_{1}.,:+1\simeq(u:+1-u:1)/l:+1$ . $u$: $i$ ,
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3: . 1 2
$v_{1}-v2$ . .
$\mathcal{J}_{t}=\mu 0m(1+e)\cot\gamma(u:+1-u:)$ (6)
. $\gamma$ $e$ .
$i$ 1 $N_{i}$ $i$ $J_{t}N_{1}./\tau_{1}.,:+1$
. $d$ $n$: $i$ $i$ $n:d$
. $i$ $i+1$ $\sigma_{xz}^{(:)}$
$\sigma_{xz}^{(i)}\simeq.\frac{J_{t}n_{\dot{|}}d}{\tau_{||+1}},\cdot=\mu 0nim(1+e)\cot\gamma(u:+1-u:)^{2}$ (7)




(8) . $\sigma_{xy}$ $z=h$
$\sigma_{xy}=\rho g(h-z)$ . $\rho=nm$ . (8)
$( \frac{du(z)}{dz})^{2}\simeq\frac{g\tan\gamma}{\mu_{0}(1+e)d^{2}}(h-z)$ (9)
. $n$ $z=0$ $u=0$
$u(z)= \frac{2}{3}(\frac{g\tan\gamma}{\mu_{0}(1+e)d^{2}})^{1/2}h^{3/2}[1-(\frac{h-z}{h})^{3/2}]$ (10)
. .












$\sigma$ , $D/Dt=\partial/\partial t+\mathrm{u}$ .
Lagrange .
$nI \frac{D}{Dt}\omega=\nabla\cdot C+\sigma^{(a)}$ (14)







. $=$ $(-p+\lambda\partial_{k}u_{*})\delta_{1j}.+\eta(\partial|.u_{jj:)}+\partial u$
$+\eta_{r}[(\partial_{\dot{l}}u_{j}-\partial_{j}u:)-2\epsilon_{\dot{\iota}jk}\omega_{k}]$ , (15)
$C_{j}. \cdot=\eta_{\mathrm{c}kk\cdot j}.+\frac{\eta_{B}+\eta_{A}}{j^{-\partial}2}(\partial.\cdot\omega_{j}+\partial_{j}\omega:)+\frac{\eta_{B}-\eta_{A}\partial\omega\delta}{2}(\partial\dot{.}\omega j\omega.),)$
(16)
$\partial_{1}.u_{j}=$ $u_{j}/\partial x$: \epsilon |.j\sim Levi-Civita
$\eta,$ $\eta,,$















4: 2 $\frac{1}{2}\nabla \mathrm{x}v-\omega$
$z$ . [17] .
[16] 2 7 $\eta,\eta_{\mathrm{r}},$ $\eta_{B},$ $\lambda$
, $\eta\sim\sqrt{mT}/d,$ $\eta,$ $\sim n^{2}d^{3}\sqrt{mT},$ $\eta_{B}\sim d\sqrt{mT}$ . $[11, 12]$
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